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BURNING AND DETONATION

Charles A. Forest
Los Alamos National Laboratory
Los Alamos, New Mexico

The effect of confined burning explosive abutting non-
burning explosive in a variety of one-dimensional geometrics
has been studied by numerical simulation, demonstrating the
effects of confinemsnt, burning rate, and shock sensitivity.
The model includes porous bed burning, compressible solids
and gases, shock-induced decomposition with pessible transi-
tion to detonation, and constant velocity ignition v ves.
Two-phase flow, gas relative to solild, I3 not allowed.

Because the shock senzitivity of an explosive changes
with explosive density and because such experimental data is
rarcly available over a tange of densities, a method for the
calculation of the density cffect on the initial-shock-
pressure, distance-to-detonation (wedge test) measure of
shock sensitivity is given. The calculation uses the invar-
iance with density of the shock particle velocity as a funv-
tion of time to deionation, and the experimental data at

some high density.

——— —— -

INTRODUCTTON

Some models of the deflagration-to:
detonation transition (DDT) for porous,
solid cxplosives have involved compli-
cated convective combustion models but
lackeo the inclusion of any model of
what is usually called only shock initi-
ation f detonation. In these models,
the ocourrence of same rapid pressure
increate to a high pressure by wav of
convective combustion was talen as suf-
ficient to mark the onset of detonation
(1,2). Others have envisioned DIl to be
marked b anitinl convectlive combustion,
then low-velocity detonation (LVD), and
finally Jd:tonation (3,4), This study
takes another approach that employs o
simple buralng model but includes n
shock induced decomposition rate model
derived frow shockh initiation experi-
ments, which allows detonation to occur
ns a reactive shock prowth process,

This is somewnat slmilar to the LVD pic
ture (nlthough herve a rate model is em-
ployed to calenlnte the acceelerating
shock), but is ‘n contrast to the con
vectlve wave pressure, runaway model.
The shock growth may occur in the porous

bed itself or in some region of explo-
sive abut to the burning region in which
no convective burn may have occurred at
all. Recause the burning is modeled
separately from the initiation mechanism,
this approach is called simply "burning
and detonation."

Specifically, the model has four
distinct features: (1) separate com
pressible equations of state are used
for the =olid undecomposed exploslive and
for the gascous products with pressure:
temperature equllibrium assumed for mix
tures of the two; (2) the burn of explo
sive takes place on the susface of par
ticles according to a CM rate and |-
uniformly ignited throughout or Is ip
nited following an ignition front; (5}
no gas flow is allowed relative to the
solid, product gases remain where they
are formed; amd (4) shock induced decom
position of the solid Is allowed as a
mass decomposition rate process acceler
ating the shocks initially formed by the
burning porous bed. The models used for
ench of these features nnd the limits ol
applicvability for each are discussed
seprately In the following sections,
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EQUATICON OF STATE

The HOM (5) equation of state is
used throughout the calculations with
pressure given as a function of specific
volume (V), speciiic internal energy (I),
and mass fraction of solid (W), P =
H(V,I,W). Only two phases are allowed,
solid and gas with reacting explo-
sives being represented as some mixture
of undecomposed solid and product gas.
Solids are represented by a Griineisen
expansion off the shock Hugoniot with
temperature calculated by the Walsh and
Christian (6) technique; thus

Po(V,T) = T(1 - (VO /V + P(v) (1)

and
15(\’5'15) - (IS - IH(VS))/C\’S + T”(\’h) llz)

where V., = specific volume of solid, Ig
= speci?ic internal energy of solid, Iy

specific Hugoniot erergy, Ty = Huponiot
temperature. For the case of solid only,
Vg =V, I¢ =T, and W = 1. Gas products
are represented by a Beta equation of
state off{ the BKW (7,8) calculated det-
onation iscentrope. Thus,

POV T e O - LN/ (V ) - )

[ A
+ l‘i(vk) (3)
and
T (V1 - - 1.V 0N/,
li'-( o }'.) ”}‘_ i g))/ \’:

TV ()

where Vo = specific volume of gas, T, =
specific internal encrgy of gas, I =
specific energy on the isentrope, I'y =
pressure on the isentrope, and T = tem-
perature on the isentrope. For the case
of pas only, V = V4, T = lg, nnd W o= 0,
Mixture- of gas nnh solid are calculated
by simultuncous solution of the gas and
solid cquations foar pressure and temper-
ature equilibrium, assuming ideal pavoi-
tion of volumes and enerpics, Thus, for
mixtures,

PV 1) - l‘“(\'u, b') {(H)
and

rs(Vk.lk) - TH(VF'IH) ’ (0)
whoere

V- th + (1 - h')\'H ()
i

| - Wlﬁ « (1 - W)l" . {8

Porous materdal is subject to com
wmetlon and porous bed compaetion has
veen obserced in DDT experiments.  The

representation of the solid in the HOM
equation of state does allow compaction
and so simulates this important feature
of the porous bed behavior.

POROUS BED BURN

The porous explosive is burned ac-

§ordin§ to the surface regres<icn rate

= CP" with some initial surface-to-
volume (5/V)e Tatio. Thus, dW/dt =
-(S/V)e (W)ACPN, where q is an exponent
dependent upon the particle geometry.
I'or sphere-like particles (any particle
having an inscribed cylinder), q = 1/2.
For planar particles (sheets), q = 0.
The W9 term accounts for the change in
surface-to-volume ratio as the particle
burns, although in the calculations this
term is relatively unimportant becausc
detonation occurs when W is still close
to 1.0. As a briecf development of this
form, expand the mass burn rate dM/dt as
follows:

dM/dt = - 5. X ()
and then

AN/dt = - (S V) (SIS0 GV G/ X .

where § = surface arca, V= volume, and
p = density.  The subscript 0 indicates
the initial values, Note that W=M/M, =
M/ (pe Vo) and that (/i) is very close
to 1.0 for the pressure vange of burning.
Thus

diW/dt - - (8/V (878 N (rn

An approximation for the surface arca
term is (8/Sp) = W9, for some y. The
motivation for this is shown by conuid
cring sphere-like particles; thus, for
some A,

8 o= Al

vo- Ar3/3 , (1)
e Y TR A T A

(S/85) = (/e )" = (eV/p\Vy) W '

where 1 =@ radlus of the inscribed sphere.
Particular examples of sphere like par
ticles are cubes (A = 2, tetrithedra

(A 207%), and spheres (A - dr), The
treatment of evlinder - ikhe particles i
similar,

Tpnition ix simply the onet ol
burning in this model with no account of
fgnition processes,  TFor some problem.
fpnition is tuken to be complete througn
out the porous bed repion, while an
otaers burning commence:s following the
spread of o constant velocity "ignition
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front wave." In short, in this model
ignition is the onset of rapid burning.

GAS FLOW

No gas flow through the porous bed
is sllowed; the product gases remain
with the solids from which they were
generated. This assumption is reason-
able for cases in which the ignition is
uniform over the porous bed. Fov the
cases where the ignition front spreads
at constant velocity, the assumption is
somewhat inconsistent because some gas
flow is needed for ignition processes.
However, if the fraction of mass in-
volved 1in ignition is small, then in re-
gard to fluid dynamics the gas flow can
be ignored. The inclusion of gas flow
relative to the solid would, of course,
affect principally the initial stages of
burning where there is a small amount of
gas escaping into the pores; at later
times the flow would bo relatively re-
duced as the gas [ills the pores and as
the pas evolution rate excceds the trans-
port rate through the pores. Compaction
of the porous hed, of course, also limits
gas flow.

SHOCK - INDUCED DECOMPOSITION

Shock-induced decomposition is cal-
culated by the Forest Fire (9,10) reac-
tion rate model (a name coined by a few
enthusiastic users), a one-step, solid-
to-products decomposition rate calcu-
lated using the HOM equation of state,
the experimentally determined Ug = ( +
St Hugoniot, and the wuedge test (11,12)
determined graph of distance to detona-
tion {(run) versus initial shock pressure
(M. The graph of tn (run} versus en (P)
is often o straight line, ¢n (run) = a +
b en (M, and is called the Pop plot for
Alphonse Pepolato (13), PBriefly, the
Forest Fire rate is the explosive decom
position rate necessary behind a planar
shock wave to accelerate the shock wave
along the time-distance-state space
curve determined by the Pop plot and
Mugoniot, interpreting the Pop plot as a
shock pressure growth curve. TLc rate
also depends upon the pressure gradient
following the shock frort; for lastance,
where the pressure gradaient s unknown,
an accelerating square wave bs assumed.,
The rate is fit as n function of shock
pressure but Is extended to the region
hehind the shock as a function of local
pressure.

An abbreviated analysis for lorest
Fire tollows; more detailed accounts are
given in Refs. 9 and 10, The annlysas
centers upon accelerating sharp planar
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shockz with the foilowing fluid dynamics
represented in Lagrange mass-time (m,T)
coordinates defined by

x
m -/:‘O(t) p(x',t) dx

and (13)
T =t ,

where xo(t) is the trajectory of some
mass point. In these coordinates the
fluid flow equations arc

UT - -Pm ,

VT o Um (14)
and

IT - -PVT .

Here the subscripts denote partial dif-
ferentiation, the t derivative is the
time derivative at constant mass. Thus,
the reaction ratec is Wy and occurs in
the time differentiation of the equation
of state

Po= HV, T, W) , (15
and

I, + 1

. L (16)

p. = Il\.\'.l + H whe

T I

It is sufficient to determine b7, Vy,
and It for solution of Wy¢; the solution
proceceds then by determining those de-
rivatives from differentiation of the
pressure (") and the particle velocity
() on the shock line. Let mg(1) be the
mass position of the shockh so that fg -~
rollg. Then,

P o= Ar(mg (1),1)/d1 = p U+ P (17)

0's'm 1

and

0 - dUm (1), 1) /dv = ppU i+ U (180

o *
The derivatives P and U are obtained
from the Pop-plot, Hugeniot, and shock
jrmp equation,

R A o T
and (1)
P oy te 0 25
Finully, then,
poo= b TN L (20
Voo =@ e i (21

und



Forest (T2052)

LOE T T T =T TTTTT TTTTTI
- PBX 9404 DATA ]
L Ip=|.04 -
- PEX 9404 2p1.72 .
PETN DAT.
- Curve fit to p = |.84 dota 3'. LA?: -
i \ 4psiT2
g - ! 821,60 -
> , (olcm')
! O.I = I} -—
’ : \\F{\\\\\ -
n ]
g C ' ) j
(.4 5 ‘ﬁ\*\vﬂu'_
%‘%\~\\~\ \\?F\
PETN
- Curve fit 10 p |75 deto \T
o-o' - | _] L 4.1 Llll gliLllL! i | L1 41 i1l
ol 10 i0

Time 10 Jetonation (us)

Fig. 2 - Shock particle velocity vs time to detonntion showing the in-
variance of the graph with different densities.

The graph run versus P is the esti-
mated Pop plot, Fig. 1. The graph of
run versus tdet is the slock locus,
Figs. 3 and 4. In the figures, the
solid lines arc calculated using the

Up = F{t) function and Hugoniot from the
highest (higher) density data. The
roints are wedge test data (12,15).

Note that the l'op plot is constructed,
even at the reference density, from the
particle velocity function and is not
the tn (run) = a + b tn (P) relation
usually used in least-square fits of the
Pop plot.

CALCULATIONS

Five model canlculations made with
the SIN (5) onc-dimensional fluid dy-
namics code on VOP 7 systems examine
the effect of surfaco-to-volume ratio in
the porouas bed burn, the change of shock
sensitivity in the nonburning adjacent
explosive, and the effect of cylindrical
convergence and divergence. In Flg. 5
Is shown the oxperiment Fop plot and a
calculated Pop plot for VOP 7 at a lower
density, using the Pop plot cxtimation

Distancs v Delengfien [cm)

w r L L T ri1TrT '11 L T T 77T Trr7
C PEX 9404 DATA .
[F XK ] h
- 2172 :
L alg/em®)
- -
o
'l
10 e/ —
3 ;-’ 1
3
- //;ﬁ ]
i T
L
o' ¥ A A 4 lJ_l A i 'y b )
[+1] 10 10

Time 1o Detanshion (ue)

Fig. 3 - Calculated distance to Jdet

cenation for PEX 9404 based on the
datn at p = 1.8d.
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IT = -PVT . (22)

1f Py is unknown, the case of Pp = 0 is
teken. The solution for W, is complete.
In practice, -W /W is fit as a function
of shock pressure.

The shock sensitivity of a solid
explosive is greatly influenced by its
initial density; with lower density the
sensitivity is greater and this change
is apparent from the pop plots, Fig. 1.
This property is often used in the de-
sign of explosive devices to adjust the
sensitivity of explosive components and
it 21so, in part, gives reason to the
concern to make uniform density charges.
In the case of porous beds in DDT situ-
ations, the initial burn products can
compact the porous bed with nonshock
pressure waves. The compacted region
may well vary in density throughout the
region, which gives, correspondingly, a
varying shock sensitivity. The varying
sensitivity implies that the shock-
induced decomposition rate function is
also dependent upon the local preshock
density at the time that the first shock
passes the point., This observation is
problematic, especially in numerical
methods where shocks are spread out,
because some distinction nced then be

0o r— T YT
i ’a 9404 DATA

1pe 184
| FLING ]

PLTN DATA

3pe .78

apeirt

8p 0100

8 )1.00

s lo/em®)

oo Loaaaad ) v pnd e g
0.0t 000 Q100 19

lakiet Shach Prewswe (Mbev)

Fig. 1 - Calculated PPot plots {or PEX
9404 and PETN. The lines are calculated
from data at the highest density for
ceach explosive.

made between ramp, slow compressive
waves and shock waves.

A brief description of a method to
calculate the Pep-plot change with den-
sity is given here; a more detailed ac-
count is found in Ref. 10. The method
centers on the assumption that shock
particle velocity as a fuiction of time
to detonatiun, = F(t), is independent
of initial den51¥y for the wedge test
data. The assumption is based on obser-
vation of data displiyed in Fig. 2,
whereupon is plotted data for PBX 9404
at two densities and for PETN at four
densities. Also key to the method is
the estimation of the shock Hugoniot
line at @ lower density p, from data at
some higher reference density p; (14).

Let the pressure P be the independ-
ent variable at the shock front. Solve
for V from

p = P“(V) - G(V) , (23)

where

P;;(V) = Hugoniet pressure at reference
density Py

U - TV - Vi

G(V) =
2V - T, - V)
Vl - 1/n1 ,
Vo = 1/ey s
and
" = Griineisen constant. Then
L
Uy e vy - V)| (24
and

Ug = Vv, IR/ (v, - V)] (5)

Solve time to detonation, tyet, lrom

“p " l(tdet (:5).

Finally, after a sufficient
(tgeq» Ug) Is formed,

ically
t
run -jf det
0

table of
integrate numer-
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Fig. 4 - Calculated distance to detonation vs time to Jdetonation for

PETN based on the data at p = 1.75.

method mentioned earlier. In Fig. 6 are
shown the porous bed hurn decompositioan
rates and the Forest Fire shack-induced
decomposition rates. The problem geom-
ctries and matcerial regions are shown in
Fig. 7. Prohlem geomctries 1 and 1I are
planar; problem gecomotries III1 and IV
are cylindricai, with the cylindricaol
nxis at the left. Input constants arc
listed in Ref. 10,

The first two calculations, Figs,
8 and 9, show the change in bcechavior
with o small change in (S/V)e in the
porous bed burn and utilize prohlenm
geometry I (Fig. 7). In Fig. 8, the
pressure wave ?rom the uniformly burn-
ing bed is sufficient to induce a shock
transition te detonntion In the solid
VOP 7. 1In Fig. 9 the pressure wave is
not sufficient to induce a deconatlon,

The third calculation uses problem
geometry 11 (Flg. 10), which is simlilar
to prohlem geometry 1 but includes a
l1-cm region of lower density VOPF 7. The
lower denslty reglon, ;. = 1.72 g/em*,
is more shoci sansjtive ard has a higher
shock-induced decomposition rate, Fig. 0.
The porous bed has (S/V), = 75 em"!, the
same (S/V)y that resulted in a fallure
to detonnte In tha previous problem. In
this case, howevor, the increased reac
tion in the py = 1.72 Forest Flie region

T L R B | r_f'T

B vop 7
POP-PLOTs

|

(B |
10} ’

/-[I-vh-nl
10 ! poir2 "

Diatonce To Oetongtion (cm)

[-1] L —i. PR GO A |

000 oo
Prassure (Mbor)

Fig. 5 - Distance to detonation as a
function of initial shock pressure. The
experimental line 's from Los Alamos
wedge test data (15). The ¢ = 1.72 line
is calvulated using the o 1.91 «data,
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00 =T

Ll “jj'l“l

Fig. 6 - Forest Fire and porous bed burn
decomposition rates. The two curves

fe = 1.91 and py = 1.72 are Forest Jire
rates based on the Pop plot of Filg. 5.
The porous bed burn rates are tho ini-
tial ¥ = | rates.

1-D PLAN)

Piohlem Geometry |

VOP (el {YoPr 7 (1.72) [ALNMINUN AIR
10 ¢m I cm 2 cm PN

AIR lMllHlN(lﬂ
lorest lure Poarous hed

Problea trvmelny 11

FIR | AIIMININ [ VOR 7 vor ° vor 7 var v ALUMINIM | ATR
lm Y (e | o ey T 2 «m 2 cm
5. 5m|t.Pem] 3 um]| 2 cm
toyest | Foreat | Forest| Porous
Hire Fire kire Ped

1D CHINmMR

Fiohlen Geometry 111

10« ] ] 1 cm 1 cm

l'lNlilI vop ? (l.ull‘ NOP 7 (1.72) |AI.II|IIIIIH AlR
L]
loresy lire Porous Red

Proklem Geometry IV

('INIIIII 1YL U D B | | vor 7 (i.9) |AIIHIMM AlR
L] aum incm Jm ) rm
Forous hedd 1 logrest lare

Fig. 7 - Problem geometrics for \VOP 7
burning and detonat'on,

boosts the shock wave pgrowth enough to
cause detonatton to occur farther along
into the next high-density VO 7 region,
Note that detonation Jdid not occur in
the low density regica, but the presence
of that regzion was sulficient to alter
the outvome,

The fourth calculation Is agnin
similar to the first problem but the

PESERg WSS FRCTISI
OGRSy PSS PRSCTICH

(1
Y FIR
Porems bed

{

Fig. 8 - SIN calculation for a 1-D plane
in prohlem geometry I with (5/V)s = 100
cm.

geometry has heen changed to one-dimen-
sional, c¢ylindrical, problem geometry
111. In Fig. 11 the porous bhed has
(8/V)y = 75, again the case that failed
in planar geometry. lilowever, in this
instance, the inward runiiing shock pres-
sure is increcased by cylindrical conver-
gence and o transition to detonation
accurs.

The fifth calculation is also in
cylindrical geometry, prohlem peometry
IV. In Fig. 12, the burning region is
at the center of the cylinder and has
(/V)e = 100 cm"', This (S/V)e was suf-
ficient to induce detonation in the
planar casce; but due to the cylindrical
Jivergence of the wave, no detonation
OCCUT S .

In other canlculational studies,
this burning to-detonation model and the
two-dimensional lLagrangian hydrodynamic
code 2DI. (16) have been used to investl-
Ratc the detonation of 8 solid Erupel-
lant groin from shocks induced by a burn-
ing porous bed (17) and to calculate the
burning and detonation in an all-PETN
hot-wirce assembly (1R).
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CONCLUSIONS 8. Charles L. Mader, "Detonation Prop-
erties of Condensed Explosives Com-
The model calculations indicate that puted Using the Becker-Kistiakowsky-
there is some turning rate in a porous Wilson Equation of State," los
bed of explosive that is sufficient to Alamos National Laboratory Rept.
cause shock-induced detonation in an ad- LA-3704, July 1967.
jacent region of explosive which itself
is not burning. The burning rate neces- 9. Charles L. Mader and Charles A.
sary to induce the detonation is depend- Forest, "Two-Dimensional Homogen-
ent upon shock sensitivity, geometry, and eous and Heterogeneous Detonation
confincment. These features are expected kWave Propagation,” Los Alamos
to be important to modeling DDT in porous National Laboratory Rept. LA-6259,
beds where initial product gases compact p. 60 (App. €), June 1976.
part of the porous bed, giving a region
of varying shock sensitivity. Also, the 10. Charles A. Forest, "Burning and
transition from shock to detonation may Detonation,' Los Alamos National
be ut a distance from the burning region. Laboratory Rept. LA-7245, p. 22
(App. B), July 1978.
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